The paper deals with a coupled model of the upper atmosphere and ionosphere of Titan. The neutral atmosphere is described by a comprehensive photochemical model for 30
INTRODUCTION
The atmosphere and the upper ionosphere of Titan have been intensively studied since Voyager 1 encounter with the satellite in November 1980. Following the early work by Strobel (1982) , the first comprehensive post-Voyager model of the neutral atmosphere by Yung et al. (1984) took into account several dozens of constituents and included the most important physical processes. Uncertain parameters, like some chemical reaction rates and the altitude profile of the turbulent diffusion coefficient, were tuned up to bring the model as close as possible to the first analysis of Voyager infrared observations (Hanel et al. 1981 , Maguire et al. 1981 , Kunde et al. 1981 , Samuelson et al. 1983 . The main chemical cycles were identified and the overall composition of the atmosphere was derived. This model, which has served for years as a reference to all detailed studies of physical processes occurring in Titan's atmosphere, has been later followed by the engineering model of the atmosphere containing updated altitude profiles of the temperature and of the N 2 number density (Lellouch and Hunten 1987) . In the decade following the work by Yung et al. (1984) , several atmospheric components predicted by the model, like CO, H 2 O, HCN, HC 3 N, and CH 3 CN, have been detected and their vertical profiles determined (Tanguy et al. 1990; Bézard et al. 1992 Bézard et al. , 1993 Noll et al. 1996; Gurwell and Muhleman 1997; Hidayat et al. 1997; Coustenis et al. 1998) . Also, Voyager infrared and UV data have been reanalyzed (Coustenis et al. 1989 , Strobel et al. 1992 , and in consequence, new constraints on the stratospheric mixing ratios and on the vertical profiles of several constituents have been set. Independently, a number of reaction rates used in the model have been updated, and a new scheme of methane photolysis by Ly-α has been introduced (Mordaunt et al. 1993) . All these new results stimulated the development of a new generation of photochemical models (Toublanc et al. 1995 .
As compared with the neutral atmosphere data, information provided by Voyager about Titan's ionosphere was scarce. Radio occultation measurements (Lindal et al. 1983 ) set upper limits on the electron number density: 3000 cm −3 on the evening side and 5000 cm −3 on the morning side of Titan. Recently those observations were reanalyzed by Bird et al. (1997) , who concluded that the electron density should be even lower (at terminator): 2500 cm −3 . A pattern of draped magnetic field lines has been revealed by magnetic field measurements (Kievelson and Russel 1983) . Electron and ion densities measured along the Voyager orbit showed an increase in Titan's wake that was correlated with the temperature decrease (Hartle et al. 1982) . Since the depth of magnetic field diffusion into Titan's atmosphere depends on the plasma production rate, which in turn is determined by the neutral atmosphere density profile, photoionization rate, and the ionizing flux of suprathermal magnetospheric electrons, a self-consistent model of Titan's ionosphere and the draped magnetic field is not easily constructed. The first step in this direction was made by Ip (1990) , who considered a 1D model of plasma and magnetic field transport into the atmosphere in the diffusion-convection approximation, assuming that the electron impact ionization is a dominating ion production mechanism, as was indicated by earlier observations . The main conclusion from this work was that the ionospheric peak density of about 5000 cm −3 occurs at an altitude ∼1200 km. The most abundant ion appeared to be HCNH + . A different ionospheric model was constructed by Keller et al. (1992) , who calculated the ion production rate due to magnetospheric electrons using a sophisticated numerical code and concluded that the ionization by solar photons is at least four times more effective. They considered a steadystate 1D photochemical model of the ionosphere and, despite all differences with Ip's (1990) approach, obtained HCNH + as the main constituent near the ionospheric peak at a height of about 1050 km.
A new stage in Titan's ionospheric studies was reached with the publication of an extended data base of ion-neutral reactions by Anicich and McEwan (1997) , which comprised more than 600 records and was by far larger than the reaction sets used in previous models. In addition to common bimolecular reactions, Anicich and McEwan considered also termolecular reactions between ions and neutrals, where N 2 was supposed to act as the catalyzer third body. Fox and Yelle (1997) were first to introduce the new data into their ionospheric code and obtained a remarkable result: heavy hydrocarbons and nitriles with the number of H atoms not less than 3 became the main ionospheric constituents, with HCNH + shifted to the third place. In their model, however, ionization due to magnetospheric electrons was neglected. Later on, Cravens et al. (1998) ran their code with Anicich and McEwan (1997) reaction rates but, contrary to Fox and Yelle's (1997) result, derived again HCNH + as the major ion component.
All ionospheric models that have been discussed so far employed neutral density profiles by Yung et al. (1984) , with the exception of the very recent work by Galand et al. (1999) , which makes use of the neutral model by Toublanc et al. (1995) . In this study we make a step forward in modeling Titan's ionosphere by introducing an up-to-date neutral atmosphere model by Lara et al. (1996) and coupling it with the ionospheric code. In that way, neutral and ion models become interdependent and all their constituents form a joint system. The specific goals of the study are the following: (i) to check how strongly the neutral and ion chemistry are coupled, (ii) to obtain ion density profiles for an improved neutral atmosphere model and to compare them with the results of previous ionospheric investigations (Ip 1990 , Fox and Yelle 1997 , and (iii) to find out how termolecular reactions (Anicich and McEwan 1997) can influence the ionospheric model. Independently, the work is stimulated by an expected outcome of the joint NASA-ESA Cassini/Huygens mission to the saturnian system, which was successfully launched in 1997. The planned arrival date for the Cassini spacecraft is January 2005, and the mission has a nominal termination date of July 2008. One of the 12 scientific instruments on board of the spacecraft is the ion-neutral mass spectrometer (INMS) (Kasprzak et al. 1996) . Its objectives are to measure the ion and neutral composition and structure in the upper atmosphere of Titan, to study Titan atmospheric chemistry, to investigate the interaction of Titan's upper atmosphere with the magnetosphere and solar wind, and to measure the mass of ions and neutral species encountered during ring plane crossings and icy satellite flybys (NASA 1989) . Both the Cassini and Huygens instruments will produce detailed mass spectrometric measurements of the ions and the neutrals in Titan's atmosphere. To interpret those measurements, it is essential to have a detailed knowledge of the ion chemistry occurring in this fascinating atmosphere.
The paper is organized in several sections. We start with a presentation of the neutral atmosphere model, followed by a description of the ionospheric model. In the next section, the coupling between two models is considered. Then we present the results of calculations and discuss them. Finally, we conclude the paper with a summary of the most important issues considered and those that should be addressed in the future.
NEUTRAL ATMOSPHERE
The model of Titan's neutral atmosphere presented here is basically taken from the Lara et al. (1996) work. It differs from the earlier comprehensive study by Yung et al. (1984) and Toublanc et al. (1995) in the following aspects: (i) condensation of neutral constituents in the lower stratosphere is based on the diffusive growth of ice crystals, (ii) dissociation profiles of molecular nitrogen (by cosmic ray impact and EUV radiation between 800 and 1000Å) to the end-states N( 4 S) and N( 2 P) are included (see also Lara et al. 1999) , (iii) source profiles of water molecules resulting from meteoroid ablation are introduced, and (iv) a new eddy diffusion profile is proposed to better match the theoretical mixing ratios to available observations. The model is constructed for Titan's mid-latitude atmosphere and refers to 30
• solar zenith angle.
The system of steady-state continuity equations for each neutral species reads
where P i is the photochemical production rate of the i species, n i is the number density, and l i is the volumic specific loss rate at altitude z. The vertical flux i comprises two terms:
In (2), T is the atmospheric temperature, D i is the molecular diffusion coefficient, H i is the individual scale height, K is the eddy diffusion coefficient, α i is the thermal diffusion coefficient, and H is the bulk atmospheric scale height. All these parameters, except for T (r ), K (r ), and D i (r ), which are inputs to the model calculations, are computed according to the standard procedure (Rodrigo et al. 1990 ). The density profile of N 2 is adopted from Yelle et al. (1997 The vertical distributions of the hydrocarbon and oxygen compounds were calculated without including the nitrogen species (except for N 2 , of course). These distributions were then used to calculate the concentrations of the nitrogen compounds. In each group, the continuity equations were solved for all the long-lived constituents, using a Crank-Nicholson scheme. Convergence in each family was reached when successive iterations yielded solutions differing by less than 1 part in 10 4 . The altitude range is [40, 1432] km, and the altitude step equals 6 km, which provides approximately 5 and 15 vertical steps per scale height in the stratosphere and mesosphere, respectively. Mixing ratios are imposed as boundary conditions at the lower end for long-lived species. They are calculated either from saturation laws (condensible species) or from local photochemical equilibrium (volatiles: H, CH 3 , HCO, O( 3 P), N( 4 S)), or extrapolated from observations (CH 4 , C 2 H 4 , CO, H 2 ). At the upper boundary, zero flux is assumed for all species excepting H, H 2 , O( 3 P), and N( 4 S), which are allowed to escape with velocities given by Jeans' thermal escape mechanism.
Photochemistry in Titan's stratosphere is initiated by the absorption of solar radiation and the dissociation of atmospheric molecules. Lara et al. (1996) used a simple classical treatment of the photolysis processes, similar to that presented by Yung et al. (1984) . The absorption of the solar radiation at the given depth is taken into account as a function of both the wavelength and solar zenith angle (Chapman function). Absorption by aerosols below 240 km is included via transmission coefficient. Altogether 114 neutral-neutral chemical reactions are included in the model. Some of the chemical reactions depend on the atmospheric neutral temperature, which is taken from the Yelle et al. (1997) recommended model.
Following earlier models (Samuelson et al. 1983 , Yung et al. 1984 , an external source of water molecules is introduced, which is necessary to provide OH radicals to react with CO in order to produce CO 2 . All previous photochemical models have modeled the O source as a downward flux at the top of the boundary. English et al. (1996) developed a model to calculate the interplanetary dust flux into Titan's atmosphere. This model computes the input of meteoritic material at Titan, and by combining the results with an ablation model, it makes it possible to estimate leading and trailing deposition profiles at Titan for 100% water ice interplanetary meteoroids. This ablation results into a H 2 O net source of 3.1 × 10 6 cm −2 s −1 . In order to adequately describe the chain of reactions leading to nitrile molecule production, HCN in particular, the N 2 dissociation profile has been recalculated. Specifically, an updated profile below 600 km, which results from galactic cosmic ray impact, has been applied to obtain the production rate of N( 4 S), the atomic species which is essential in nitrile compound production. Lara et al. (1999) have recently suggested that the incorporation of HCN in Titan's atmospheric haze may be an important process affecting the HCN profile and the C/N ratio in Titan's haze. This incorporation process has been modeled by analogy with the loss of carbon through formation of polyacetylenes, and it is also considered in this neutral-ion coupled model of Titan's atmosphere. Condensation of hydrocarbons and nitriles in the lower stratosphere via diffusive growth of ice crystals has been quantitatively assessed using new data on saturation laws as a function of temperature and aerosol distributions borrowed from Cabane et al. (1992) and Frère et al. (1990) . A new vertical profile of the eddy diffusion coefficient has been employed with the aim to better fit the CH 4 thermospheric vertical profile and the stratospheric abundance of minor compounds. Although the approach was partially successful, the new profile considerably improved the agreement between observations and theory. The extensive description of the above sketched and other features of the neutral atmosphere model is presented in Lara et al. (1996) .
IONOSPHERE
Titan's ionosphere has not been directly observed by Voyager instruments, but an upper limit on the electron density of about 5000 cm −3 has been derived from plasma wave experiment and later reduced to 2400 ± 1100 cm −3 (Bird et al. 1997) . Models by Ip (1990) and Keller et al. (1992) have revealed a complicated structure of ionospheric species with a maximum density ≈ 5000 cm −3 at an altitude of 1050-1100 km with HCNH + being the main ion near the peak. Our model is, in its main features, similar to that of Keller et al. (1992) , but uses different input data: (i) photoionization rates are calculated for solar zenith angle 30
• , to be consistent with the neutral atmosphere model, instead of 60
• or 90
• as used by Keller et al.; (ii) the neutral atmosphere density profile is changed with respect to that by Yung et al. (1984) ; (iii) magnetospheric electron and photoelectron fluxes differ from those obtained by and employed by Keller et al. (1992) in their ionospheric model; and (iv) the number of ionospheric constituents is enlarged and the set of reactions increased due to a new data base complied recently by Anicich and McEvan (1997) . On the other hand, we have neglected the coupling between thermal electron temperature and energy influx via suprathermal electron fluxes that was considered by Keller et al. (1992) . Instead, we took their electron temperature profile A, which corresponds to full ionization for a solar zenith angle of 60
• and is closest to what we can expect in our case. In the next subsections we present our ionospheric model in detail. The most recent general review of Titan's ionosphere, which summarizes all modeling work done so far, was given by Nagy and Cravens (1998) .
Constituents, Reactions, and Equations
Titan's ionosphere is exceptional, among the bodies of the Solar System, in its composition and a variety of occurring species. Since the atmosphere is highly reduced, there are only traces of oxygen-bearing compounds. Most of the constituents are either hydrocarbon or nitrilic ions stemming from two main atmospheric species, N 2 and CH 4 . Since both neutral and ion molecules with a large number of atoms are relatively stable and easily produced in reactions of simple species, abundances of many heavy compounds are significant. In consequence, any comprehensive ionospheric model should take into account many tens of ion compounds. All of them can react, in principle, with neutral components which would result in thousands of reaction channels. Although many of these reactions are well studied experimentally and their rates are accurately determined, even more are not quantitatively assessed, which casts some doubt on the modeling results for many minor ions. Two approaches are possible: (i) to assume that the rates of reactions not considered in the literature are negligible as compared with the referenced ones, or (ii) to estimate the efficiency of missing reactions by employing available data for similar compounds and by using the kinetic theory that theoretically describes mechanisms of intermolecular interaction. We prefer the first approach, and therefore we will use only the reaction rates confirmed by experimental studies. Our data base for ion-neutral reactions is taken from the comprehensive survey compiled by Anicich and McEwan (1997) . Apart from binary reactions between ions and neutrals, we also include in the model termolecular reactions with molecular nitrogen acting as a catalyst (third body). Again the problem arises as to what to do if termolecular reactions have been experimentally studied for an ambient gas different than N 2 . According to Anicich and McEwan (1997) , this might lead to gross underestimation of the role of termolecular reactions in the ionospheric chemistry since N 2 is very efficient in stimulating ion-neutral reactions as compared with other species. To check this hypothesis we perform our calculations for two sets of termolecular reaction rates; the first one is copied, without any changes, from the Anicich and McEwan paper, while in the second we increase the rate of all termolecular reaction rates to a level of 5 × 10 −23 cm 6 s −1 recommended by Anicich and McEwan as appropriate for the nitrogen atmosphere.
The way to introduce ion components in the model is the following. We analyze one by one all reactions from the data base and include in the model ion components that appear as reactants (on the right-hand side of the reaction scheme). Those ion species that appear as products in all reactions in which they can be found are included in the model only if their source rates, due to photoionization or electron impact ionization, are known. Otherwise they are considered as an "unspecified" ion that acts as an effective sink in the system of mass conservation equations. In some cases, heavy ions with a number of carbon atoms exceeding three are grouped together into so-called "pseudoions" and introduced as single species to the equations (Fox and Yelle 1997) . Two such pseudoions are taken into account, one representing heavy hydrocarbons (C x H y , x ≥ 3) and another grouping heavy nitriles (C x H y N z , x ≥ 3). At the end we obtain 55 or 57 (with pseudoions included) ion components of the ionosphere: H + , H 
and describes steady-state local photochemical equilibrium at a given altitude. We neglect the ambipolar diffusion since in the subram configuration of the magnetic field we apply, it would be perpendicular to the magnetic field and therefore not too effective. The production terms in (3) are due to ionization of neutral species by either solar photons (photoionization) or magnetospheric electrons and photoelectrons, but also result from the bi-and termolecular reactions. Similarly, the loss terms include recombination and chemical reactions. Reaction terms introduce nonlinearity to (3). The system (3) is complemented by the charge conservation equation
In consequence, the electron density n e is the last unknown in (3) and (4).
Photoionization and Recombination
Photoionization production rates of two main ions, N + 2 and CH + 4 , are calculated as functions of altitude from the standard formula )
where the photon flux at the altitude z
is a function of the incident flux I ∞ that enters the atmosphere, n j (z) is the number density of the jth neutral component, σ i j (λ) and σ abs k (λ) are photoionization and photoabsorption cross sections, respectively, and N k (z) is the effective column density calculated according to the Chapman expression .
Altitude profiles of production rate for several other species, for which photoionization rates
are known (e.g., values from Huebner (1991) rescaled to Titan's orbit), can be derived from the equation
Finally, in case no appropriate data about photoionization rates existed in the literature, k j values for species in question were determined applying the rule of chemical similarity to those constituents in which photoionization rates were fairly well established.
Recombination rates were either taken Keller et al. (1992) or assumed equal to 7.5 × 10 6 s −1 when the experimental data for a considered ion are missing. Photoionization and recombination rates for the ions included in the model are listed in Tables I  and II. The incident flux I ∞ (λ) compiled by Keller et al. (1992) , with the same discretization into 50 lines 50 bins, was first used in the model. In that way we were able: (i) to test our code by comparing its results with those presented by Keller et al. for the same neutral density profiles, in this case taken from Yung et al. (1984) , and (ii) to observe the difference in ion production rates when the new neutral atmosphere model of Lara et al. (1996) was introduced. It occurred that the total ion production rate due to solar photons was quite similar for both atmospheric models. When the incident flux by Keller et al. was compared with the recent model by Galand et al. (1999) , it appeared that the former contained 20% more energy in the spectrum below 500 A than the latter. Therefore, we decided to decrease Keller et al. flux in the energy range mentioned to match the Galand et al. model.
Magnetospheric Electrons and Photoelectrons
Titan's orbit lies in the outer magnetosphere of Saturn, very close to the magnetopause. At times, when the solar wind pressure gets stronger and the magnetospheric boundary moves toward Saturn, Titan appears in the magnetosheat region of hot compressed solar wind plasma. During the Voyager 1 encounter with Titan, i.e., the situation that all ionospheric models refer to, Titan was well inside Saturn's magnetosphere, surrounded by relatively hot and rare ionized gas that moved with a speed of about 150 km /s with respect to Titan (30% smaller than the corotation speed). Since Titan has no intrinsic magnetic field, the interaction of saturnian plasma flow with Titan is similar to the interaction of solar wind with Venus. This similarity extends, in particular, to a pattern of magnetic field lines draped around a nonmagnetic body. In the case of Titan, the field lines pile up near the subram point on the leading side of Titan and then turn gently toward the flanks of the planet. On the trailing side, the magnetic wake was predicted by theory and observed in Voyager data (Ness et al. 1982) .
Magnetospheric plasma, which moves along magnetic field lines, interacts with the neutral atmosphere and contributes to the production of ionospheric species. Several models that attempted to self-consistently describe the coupling of the magnetic field and ionospheric plasma, starting from a simple 1D model (Ip 1991) to sophisticated 2D ) and 3D ones , have been published. In this paper, we follow a different approach, introduced by Keller et al. (1992) , by assuming that: (i) the magnetic field lines are parabola with the radius of curvature at the subram point equal to the distance from the subram point to the center of Titan, and (ii) the parabola closest to Titan reaches an altitude of 725 km at the subram point (3300 km from the planet's center). Suprathermal magnetospheric electrons that show a Maxwellian velocity distribution in a half-sphere far away from Titan (n e = 0.1 cm −3 , T e = 200 eV, pitch angle α < π/2) move along in a parabola direction towards the atmosphere where they start to ionize neutral components and produce secondary electrons. At the same time their velocity distribution changes. The electron flux transported along magnetic field lines is calculated by a twostream code, similarly as in the approach. In this method, electrons are divided into two subfluxes according to their pitch angle: forward-(0 ≤ α < π/2) and backward-(π/2 ≤ α ≤ π) moving electrons. The interaction of those fluxes with the atmosphere is described by a pair of coupled linear integro-differential equations, in which the following processes are taken into account: (i) elastic backscattering of electrons on atmospheric species (N 2 , CH 4 ), (ii) degradation of electron energy in inelastic collisions (ionization and excitation of neutral components), (iii) production of photoelectrons and secondary electrons, and (iv) energy exchange with thermal electrons (Nagy and Banks 1970) . In the case of N 2 , inelastic cross sections for excitation and ionization are taken from Solomon et al. (1988) . Backscattering in elastic and inelastic collisions are borrowed from the same paper. For CH 4 we use cross sections recommended by , while backscattering probabilities are assumed to be the same for N 2 . Since some of the cross sections we use are different from those employed by , the results of both models differ even for the same neutral atmosphere model. When the atmospheric density is changed from the Keller et al. (1992) profiles to Lara et al. (1996) values, but the cross sections are the same, differences in the electron flux energy distribution are not significant. The results change slightly with the decrease of solar zenith angle from 60
• , as used by Keller et al. (1992) , to 30
• preferred in our models (Fig. 1) . In Fig. 1 magnetospheric and photoelectron fluxes are presented for three parabolas with distances from the subram point to Titan's center equal to 3300, 3600, and 4000 km, respectively. Those curves can be compared with the corresponding results presented by : their Figs. 8, 9, 10.
Electron fluxes calculated by the two-stream code are then integrated over energy with appropriate electron-impact cross sections in order to obtain production rates of ions as a function of altitude. The relevant cross sections are taken from Kieffer and Dunn (1966) for H and N, from Rapp and Englander-Golden (1965) for H 2 and N 2 , from for CO, CO 2 , and C 2 H 4 , and from Chatham et al. (1984) for CH 4 . The production rates are calculated at the subram points of corresponding parabolas (Fig. 2) . For comparison, the photoionization production rates are also shown.
NEUTRAL ATMOSPHERE-IONOSPHERE COUPLING
The two components of the system, neutral atmosphere and ionosphere, coupled through the production and loss terms due to ion-neutral bimolecular and termolecular reactions. That is, the equations to be solved for the neutral constituents are
where P ion i
and I ion i are the additional production and specific loss of the i species due to ionospheric chemistry.
The set of Eqs. (3) and (4) is used to compute ionospheric densities. Bimolecular and termolecular ion-neutral reactions contribute to both production and loss depending on whether the species under consideration is a product or a reactant in the reaction.
As a first inspection, it is possible to roughly estimate the importance of ionospheric chemistry on the Titan's neutral composition by analyzing the factors that enter in the production rate of a selected neutral species. For instance, let us consider a bimolecular reaction, P = kn 1 n 2 , where k is the reaction rate, and n 1 and n 2 are the densities of reacting molecules. In the ion-neutral reaction, one of those densities corresponds to an ionized species. Typical values of k in neutral-neutral reactions are on the order of 10 −11 cm 3 s −1 , while those for ion-neutral reactions are two orders of magnitude larger. Assuming that n 1 is the same neutral density in neutral-neutral and ion-neutral reactions we want to compare, one should consider the range of possible values of n 2 , first when it corresponds to a neutral component, and next when it describes an ion. In the thermosphere, typical mixing ratios of neutral components range from 10 −10 to 10 −1 . Concisely, at a height of 1000 km, it translates to number densities on the order of 1.2 × 10 −1 to 3.8 × 10 8 cm −3 . The expected ion densities at this altitude are between 1 and 10 3 cm −3 for the most abundant species. It seems, therefore, that neutral components can be significantly affected by ion chemistry if their mixing ratio is less than 10 −5 . Two factors can change this conservative estimate: (i) if transport terms in (1) are neglected in a first approximation, the neutral density obtained for the case with no coupling with ions results from a balance between loss and production terms. Hence, even a small perturbation of this balance, e.g., due to ion-neutral reactions, can change neutral densities of abundant components. (ii) For several ions, recombination is quite efficient and can compete, as production mechanism, with neutral-neutral reactions.
The method of solving the coupled system of equations is as follows. We start with a zeroth iteration, in which neutral equations are solved without any contribution from ions. Then the iteration loop is initiated with two sets of equations solved consecutively in each step: (i) ion equations with current neutral densities (from the previous step), and (ii) neutral equations with the production and loss terms due to ion-neutral reactions passed from (i). At the end of each iteration step, the convergence criterion is checked: the relative difference in densities of neutral and ion components from two consecutive iterations should not be larger than 0.01%. Neutral and ion equations are, themselves, solved iteratively at each step of the loop. The typical number of iteration steps when solving the coupled system is about 65..
RESULTS
We have run four different models, starting from the simplest one and adding, each time, a new physical effect in the ionospheric code. In the first model, photoionization was the only ionizing mechanism considered. In the second model, ionization by magnetospheric electrons and photoelectrons was also taken into account. Two pseudoions corresponding to heavy hydrocarbons and nitriles were introduced in the third model. Finally, increased termolecular reaction rates were applied in the fourth model. The solar zenith angle is always 30
• . The neutral densities have changed as compared with the case where ion chemistry was not included. On the other hand, the differences among the four models are minor. Therefore, we show here, as a representative example, the results of model 3, i.e., the model with all ionizing processes included and with heavy species grouped into pseudoions. The mixing ratios of most of the neutral components are shown in Figs. 3-6 for both cases: with and without coupling to ion chemistry.
The major atmospheric constituents are presented in Fig. 3 . Surprisingly, the CH 4 mixing ratio has significantly changed in the upper atmosphere: it is a factor of 1.5 smaller when chemical terms due to ion-neutral reactions are taken into account. The column-integrated chemical loss by ionospheric chemistry represents 25% of the total loss rate. This increased loss is not balanced by an enhancement on the production rate by ionneutral chemistry. The mixing ratios in the upper thermosphere are still in reasonable agreement with UV observations by Voyager (Strobel et al. 1992) . Changes of similar order can be observed in C 2 H 6 , where the column-integrated loss rate induced by ion-neutral reactions represents similar percentages (i.e., ∼25%), whereas C 2 H 4 and H 2 number densities are enhanced 50%. In Fig. 4 , the vertical profiles of some other hydrocarbons are illustrated. The increase of CH 3 density is due to a net production rate of 2.96 × 10 8 cm −2 s −1 by ion-neutral reactions. Other species show substantial differences between the cases with ions switched off or on: C 2 H 2 density at high altitudes increases by a factor of 3 when ions are included, C 4 H 2 is larger by a factor of 4, but it can hardly be compared with the density of CH 3 C 2 H, which increases about one order of magnitude. The production rate of methyl acetylene by ion chemistry (P ion ) is about the same as that from neutral-neutral reactions, whereas the loss by reactions with ions only represents a 30% of loss by neutral chemistry. As a results, there is a net increase in the production rate, which enhances CH 3 C 2 H number density. Nitriles, in Fig. 6 , show a variety of patterns: the profile of HCN with ion coupling and without considering polymerization (see Fig. 7 ) is as much as 3 times higher, at all heights, than the profile without it. When polymerization of this compound is considered in the form P ploy-HCN = 1.5 × 10 −13 [HCN] 1.5 (Lara et al. 1999) , theoretical results get closer to available observations. In this sense, we conclude that by introducing a loss to the haze term for HCN in the ion-neutral photochemical modeling, it is possible to simultaneously reproduce the hydrogen cyanide observations and C 2 hydrocarbon profiles in Titan's lower stratosphere. Figure 7 shows the HCN profile obtained when (i) N 2 dissociation is only by EUV solar radiation (800-1000Å). This   FIG. 4 . Altitude mixing ratio profiles of hydrocarbons. The vertical solid line represents the estimated thermospheric (at z ≥ 825 km) C 2 H 2 mixing ratio from Voyager/UVS (Smith et al. 1982) . Thick lines, ion-neutral chemistry on; thin lines, ion-neutral chemistry off.
case is equivalent to the nominal model by Lara et al. (1996) after checking J 12 in their Table I. In that table, it is erroneously stated that N 2 photodissociation occurs in the region 80-800Å whereas N 2 + hν → 2N( 2 D) indeed comes about in the spectral region 800-1000Å. (ii) Ion-neutral chemistry is taken into account, but no HCN polymerization. This approach seriously overestimates the stratospheric abundance of hydrogen cyanide (as already noted by Lara et al. 1999) . ( chemistry and polymerization of HCN are considered in the modeling, which represents the best approximation to available observations (Tanguy et al. 1990 , Hidayat et al. 1997 , Gurwell and Muhleman 1997 . HC 3 N relative abundance noticeably decreases in the thermosphere, whereas in the mesosphere its mixing ratio is slightly higher. CH 3 CN number density is diminished at every altitude, even by an order of magnitude at 1400 km. The   FIG. 6 . Altitude mixing ratio profiles of nitrogen compounds. Thick lines, ion-neutral chemistry on; thin lines, ion-neutral chemistry off. oxygen-bearing compounds, H 2 O, CO, CO 2 , O( 3 P), and HCO, are somewhat modified by coupling with ion species in the thermosphere (Fig. 5) .
The immediate consequence of variation of the density profiles is the change of fluxes of neutral molecules at the boundaries of the atmosphere: escape flux at the top of the atmosphere, upward flux or condensation flux at the bottom. In Table III we
FIG. 7.
Comparison between the observed HCN vertical profiles and the different model cases. Squares, Tanguy et al. (1990) ; triangles, Hidayat et al. (1997) ; stars, Gurwell and Muhleman (1997) . The observations are represented by symbols instead of lines for clarity, but the altitudes at which the symbols are plotted do not represent specific altitudes at which the measurements were made. Solid line: ion-neutral chemistry on and HCN incorporation into the haze. Dash-dotted line: N 2 dissociation by EUV radiation only, no ion-neutral chemistry. Dashed line: ion-neutral chemistry on and no HCN polymerization.
give the integrated production and loss rates (total and by ionospheric chemistry) for all neutral and long-lived species in the model. All integrated rates are referred to the tropopause. Ion density profiles are shown in Figs. 8-12 , for the four cases con- H e 1.02 × 10 10 5.17 × 10 9 2.95 × 10 9 9.73 × 10 6 5.00 × 10 9 H e 2 7.25 × 10 9 1.12 × 10 8 1.70 × 10 9 1.11 × 10 8 7.14 × 10 9 CO 1.05 × 10 7 1.15 × 10 7 1.87 × 10 6 1.90 × 10 6 −9.08 × 10 5 CO c 2 2.19 × 10 6 9.71 × 10 4 1.61 × 10 3 1.47 × 10 2 2.09 × 10 6 N 2 1.24 × 10 9 1.86 × 10 9 1.13 × 10 9 1.40 × 10 9 −6.18 × 10 8 HCN c 4.53 × 10 9 4.48 × 10 9 13.9 × 10 9 8.68 × 10 8 4.68 × 10 7 HC 3 N c 1.86 × 10 9 1.84 × 10 9 4.86 × 10 4 9.13 × 10 7 2.20 × 10 7
TABLE III Column-Integrated Rates for Long-Lived Compounds Considered in the Model
Note. Superscripts are defined as follows: "total" = ion-neutral coupling; "ion" = P and L by ion chemistry only (Model 3); "c" = species suffering condensation; "e" = species escaping at the upper boundary (1432 km).
sidered. In each figure two panels with the most abundant ion components are shown. The first model (Fig. 8) takes into account photoionization as the only source of charged species. The electron density reaches its peak of about 5300 cm −3 at a height of 1000 km. Both numbers can be compared with the corresponding values by Keller et al. (1992) : 5500 cm −3 at 1050 km. The most abundant ion is HCNH + in agreement with the models by Ip (1990) and Keller et al. (1992) . Qualitatively, the obtained ion profiles are quite similar to those published by Keller et al. (1992) . Their results, however, should not be compared directly with this model, but rather with model 3, which takes into account similar physical effects (magnetospheric electrons, pseudoions). In the second model (Fig. 9) ionization by magnetospheric electrons and photoelectrons is introduced. The main effect, as one could expect, is an overall increase of the electron density, by about 35% at 1400 km, 10% near the peak, and by a factor of 2 at about 750 km. The sudden drop of electron density at 725 km is an artifact of our modeling and results from switching on the magnetospheric source of ionization above this height: the magnetic field line closest to Titan reaches 725 km at the subram point. Apart from a change of density values, the shape of ion profiles is very similar to that obtained in model 1. The next model is, probably, the best approximation of Titan's ionosphere of all cases presented here (Figs. 10, 11 ). As in model 2, photoionization and electron impact ionization by magnetospheric electrons and photoelectrons are included. Additionally, following the Fox and Yelle (1997) approach, two pseudoions are added to the chain of ion-neutral reactions: one corresponding to heavy hydrocarbons (C x H + y , x ≥ 3) and another representing heavy nitriles (C x H y N + z , x ≥ 3). The densities of individual ions are almost the same as in model 2; there is, however, a big increase in electron density below 1000 km due to the contribution from pseudoions. In fact, below 850 km, they become the two major ions, C x H y N z , x ≥ 3, being the dominant one. It is evident that the production of heavy ions in the lower part of the ionosphere is very effective and results in large density of those species even if their recombination rates are quite large. The peak electron density increases to 6140 cm −3 at 980 km. In Fig. 11 , the densities of minor ionospheric components are shown. In the fourth model, we have increased termolecular reaction rates (Fig. 12) . As discussed by Anicich and McEwan (1997) many reactions should be significantly higher than those obtained in experiments with other ambient gases. They argue that the reaction rates as high as ∼10 −23 cm 6 s −1 are quite possible. In order to check how such an increase will affect ionospheric chemistry we have set the rates of most termolecular reactions at the value recommended by Anicich and McEwan (1997) . For comparison, the old and the new values of reaction rates are listed in Table IV. The density profiles are presented in Fig. 12 . Above 850 km, there is no apparent difference from model 3. Below that altitude, the role of termolecular reactions grows rapidly with decreasing height, in correlation with increasing density of N 2 . At 700 km, termolecular reactions with high rates result in a factor of 2 decrease in the electron density. The number density of ions decreases proportionally.
DISCUSSION
As we have expected density profile of several minor neutral components (CH 3 C 2 H, HC 3 N, and CH 3 CN, for instance) drastically changed when ion-neutral coupling was introduced. However, quite significant changes can be noticed also for a few major constituents as well. To find out which processes dominate in modifying neutral density we analyzed all relevant ion-neutral reactions for CH 4 , HCN, and C 2 H 4 . Figures  13, 14 ,and 15 contain the most important production and loss mechanisms for methane, hydrogen cyanide, and ethylene, respectively. Also, production and loss rates at 1000 km altitude (near the ionospheric peak) are presented together with ionization and recombination rates. In the case of CH 4 , its loss in reactions with CH + 3 and N + 2 is not at all compensated by production (Fig. 13) . Hence, the density of CH 4 obtained in our models is smaller than that calculated by Lara et al. (1996) . For HCN the most important mechanism coupling ion-neutral constituents is its production through recombination of HCN + ; therefore the net increase of the density is observed for this component, although loss terms are quite significant (Fig. 14) too. Finally, the density increase of C 2 H 4 follows from a single reaction of C 2 H + 5 with HCN, which by far exceeds any other contribution (Fig. 15) prevailing in Titan's atmosphere, some minor compounds, such as CH 3 C 2 H, HC 3 N, and CH 3 CN, are highly affected by ionneutral reactions. Since, our modeling has been restricted to the thermosphere, the stratospheric mixing ratio of most of the compounds is still in agreement with Voyager/IRIS observations (Coustenis et al. 1989) . For those species where ion chemistry influences their number density, extrapolation of the results to the stratosphere is not straightforward because (i) ionization sources in the stratosphere are less effective than in the thermosphere, (ii) turbulent transport plays a decisive role, and (iii) catalytic cycles or direct neutral-neutral reactions are very important in that atmospheric region. Most of the conclusions derived from the neutral modeling by Lara et al. (1996 Lara et al. ( , 1999 are pertinent to this ion-neutral coupled model.
The ion chemistry is, in our models, quite similar to that presented by Keller et al. (1998) Our results differ from the earlier models by Keller et al. (1992 Keller et al. ( , 1998 and by Fox and Yelle (1997) . It is not surprising, considering that we use a different neutral atmosphere model and apply it for a 30
• solar zenith angle instead of 60 • , as the others did. In general, the ion density profiles computed in our model are much closer to these in the model by Keller et al. (1992) than to those by Fox and Yelle (1997) . The main ion species we identify are CH + 5 and C 2 H + 5 in the upper part of the ionosphere (between 1200 and 1430 km), HCNH + near the electron density peak (between 900 and 1200 km), and heavy hydrocarbons and nitriles in the lower ionosphere (below 900 km). Fox and Yelle (1997) report that, according to their model, the major component in the considered range of altitudes (700-1430 km) is the heavy hydrocarbon pseudoion and that HCNH + contributes to a mere 20% of the electron density at its maximum. It is difficult, from the short description of their model, to find out why Fox and Yelle's profiles are so different than ours and those by Keller et al. In an attempt to understand what the cause could be, we have run our model 3 with the density of C 4 H 2 increased by a factor of 100, resulting in a diacetylene mixing ratio much closer to that obtained by Yung et al. (1984) and used by Fox and Yelle. In that way we increased significantly the loss rate of HCNH + . Indeed, the density of HCNH + is then greatly reduced and the main ion near the ionospheric peak becomes C x H y , x ≥ 3 (Fig. 16) . On the other hand, HCNH + is still the most FIG. 16 . Density of electrons and major ions for Model 3 when the density of C 4 H 2 is increased by a factor of 100. abundant ion in the upper part of the ionosphere, between 1100 and 1400 km, contrary to the results of Fox and Yelle. The peak electron density is reduced to 5440 cm −3 . As we have already mentioned, we do not calculate electron temperature together with suprathermal electron flux, but rather employ the vertical profile given by Keller et al. (1992) . In that way we loose self-consistency between the three elements of the complicated system of atmospheric phenomena: (i) suprathermal electron transport, (ii) thermal electron energy balance, and (iii) ionospheric chemistry . In order to check how sensitive our solutions are to the changes in the electron temperature, we have run the ionospheric code with the increased electron temperature profile adopted from Roboz and Nagy (1994) . They considered vertical heat flow in the ionosphere starting from a temperature of ∼190 K at 700 km, the same as Keller et al. (1992) , and reaching about 1800 K at 1500 km (to be compared with 1050 K of Keller et al. at the same height). Such a large increase of temperature should significantly influence recombination rates and, consequently, ion density profiles. That the effect really occurs one can see in Fig. 17 , where densities of major ion components are shown. The total electron density decreases by ∼15% and reaches ∼5230 cm −3 at the peak. The densities of components change accordingly. The related effect of ion density dependence on recombination rates is illustrated in Fig. 18 , where recombination rate constants of heavy hydrocarbons and heavy nitriles have been changed from 1 × 10 −6 to 5 × 10 −7 cm −3 s −1 , but the electron temperature profile was kept the same as in model 3 (Fig. 10) . This slower recombination rate directly results in a 30% increase of ion density in the lower ionosphere. The peak density at ∼1000 km increases, however, only moderately (by 200 electrons per cc) due to the relatively small contribution of heavy ion to the total plasma content in this region. The range of considered recombination rates corresponds, more or less, to the values spread in the literature. In a recent experimental paper by Lehfaoui et al. (1997) One of the difficulties in an appropriate modeling of multicomponent Titan's ionosphere is the problem of closure of the equation system. It happens that in ion-neutral reactions, ion molecules with an increasing number of atoms are easily produced. Moreover, their reaction rates with neutral components do not seem to decrease significantly with increasing mass. As a result, to properly describe the ionosphere, one should take into account hundreds or thousands of ion components ending the chain at ions heavy enough to either (i) become broken down in collisions with neutrals or (ii) recombine at a fast rate. Such an approach is, however, not possible, since reaction rates as well as photoionization and reaction rates of heavy molecules are not known. The way out is to introduce pseudoions, representing whole groups of species chemically similar, as we did following the previous modelers. In our case, two such pseudoions were considered: heavy hydrocarbons and heavy nitriles. The next step in this direction has already been done by Keller et al. (1998) : they split heavy hydrocarbon group into many subpopulations with different average molecular mass, e.g., H x C + y with x i < x < x j , y i < y < y j . Again, the progress here is hampered by the lack of knowledge of reaction rates.
An interesting aspect of this study is the role of electron impact ionization by magnetospheric electrons and photoelectrons. According to our calculations and in agreement with Keller et al. (1992) , in the main ionospheric layer between 900 and 1200 km, the dominating mechanism of ion production is photoionization. At the peak, ionization by magnetospheric electrons and photoelectrons amounts to less than 20% of total production rate. At lower and upper altitudes, however, its role is more pronounced: 50-60% at 700 km, and about 50% at 1430 km. Moreover, at even higher altitudes, ionization due to magnetospheric electrons shows a maximum (at 1500-1600 km) and exceeds, by far, photoionization. This result can, to some extent, be model dependent and requires further studies. Since ionization by electrons depends strongly on the longitude with respect to the subram direction, one can expect a variety of different ionization patterns in combination with seasonal effects , Galand et al. 1999 .
